), which are organized in a nization is lost upon loss of developmental timing constereotypical pattern. Ommatidial differentiation begins trols. These data suggest that intricate developmental in the larval eye imaginal disc when an indentation, decisions are coordinated with nutritional status and known as the morphogenetic furrow (MF), sweeps fortissue growth by the InR signaling pathway.
Introduction movement is such that there is a two-hour delay in differentiation between succeeding columns. In addition, omThe spatial regulation of differentiation during developmatidia in the middle of a column differentiate before ment has been extensively studied, but relatively little their more peripheral neighbors, with an approximately is known about the temporal controls on cell fate. Ge-30-min delay between adjacent rows. This temporal sepnetic and molecular studies have shown that a limited aration makes the eye particularly well suited for studynumber of signaling molecules are used reiteratively to ing temporal controls during differentiation. specify different cell fates during development. Given
In the course of a large-scale genetic screen for genes that the same signal initiates differentiation of multiple that control patterning in the Drosophila eye, we obcell fates, cells must continually undergo changes in tained mutations in tuberous sclerosis complex 1 their developmental potential and maintain some tem-(TSC1). Our analysis revealed that the patterning defects poral memory of their history. Determining the molecular were due to precocious differentiation of photorecepnature of such a "clock" remains a major challenge.
tors upon loss of tsc1. TSC1 has been implicated in Temporal control mechanisms have been shown to both the insulin receptor (InR) and Tor signaling pathexist in both plants and animals (Poethig, hallmark of InR/Tor signaling is that mutations in these brain, based primarily on transplantation experiments, pathways do not alter cell fate. This observation has led have also suggested that there is temporal control of to the conclusion that cell size and differentiation are cell fate decisions (McConnell, 1992) . These studies regulated by distinct pathways that function independemonstrated that the laminar identity of neurons is dently.
We show here that the activity of the InR/Tor pathway is a critical control element for the timing of neuronal Figure 1D to Figure 1E control pathways. To determine if loss of tsc1 accelerIn addition, Boss, which is expressed in R8 (Cagan et ated photoreceptor differentiation via these conserved al., 1992) shortly after Senseless, fails to reveal any altergrowth control pathways, we examined the conseations in timing ( Figures 2F and 2FЈ) Figures 3C and 3CЈ ). In addition, ommatidia within clones initiate rotation before wildTo determine if loss of TSC1 leads to increased secretion of Spitz in the R8 cell or to heightened activation of the type cells and hence overrotate ( Figure 3C ). Overexpression of Dp110 (the catalytic subunit of PI3K) mimics RAS/MAPK pathway in surrounding cells, we monitored EGFR activity levels in tsc1 loss-of-function clones. Actiactivation of the InR pathway (Leevers et al., 1996) and also leads to early Bar expression ( Figure 3D ), confirmvation of the EGFR pathway can be assayed by staining with antibodies specific for the active form of MAPK, ing that activation of the InR pathway leads to precocious differentiation. Loss of PTEN or overexpression dual phosphorylated ERK (dpERK). Surprisingly, we found that levels of dpERK were unaltered in tsc1
of Dp110 also appears to result in more pronounced precocious differentiation than in clones lacking TSC1 clones ( Figure 2G ). This finding implies that the R8 cell secretes normal amounts of Spitz and that activation of (compare Figure 2B to Figures 3CЈ and 3DЈ) ; this may be because PTEN (and therefore PI3K) can regulate growth the MAPK pathway in recruited cells is unaltered as far as the phosphorylation of ERK. Therefore, loss of TSC1 through pathways that bypass the TSC complex (Gao 
DЈ]). (E and EЈ) Dp110
A
clones in the eye disc result in a delay of expression of Bar (red) within the clone (marked by loss of GFP). (F and FЈ) InR 304 clones (in a Minute heterozygous background) cause weak delays in the expression of Elav (blue, [F]) and strong delays in the expression of Prospero (red, [F] and [FЈ]). (G and GЈ) Rheb

2D1 clones (in a Minute heterozygous background) result in severe delays in the expression of Prospero (red). Elav is also shown in blue. (H and HЈ) S6K L-1 clones cause a slight delay in the expression of Prospero (red). Loss-of-function clones in (C), (E), (F), and (G) are marked by loss of GFP (green) or loss of ␤-Galactosidase (green, [H]). Anterior is to the left in all panels. and Pan, 2001) and hence have stronger growth-proExperimental Procedures). Consistent with a role for insulin signaling in the timing of differentiation, we obmoting effects.
To determine if the loss of insulin signaling can also served a strong delay in differentiation of Prosperoexpressing cells in InR Ϫ/Ϫ clones ( Figure 3F ). perturb the timing of PR differentiation, we examined the consequences of loss of PI3K by removing Dp110 TSC is also an upstream component of the Tor pathway, which integrates information about amino acid and in clones. Mutant PRs within Dp110 A clones in adult eyes are very small compared to wild-type cells, and nutrient levels to regulate growth ( Figure 1G ). Rheb is a small GTPase that acts immediately downstream of TSC ommatidia are formed correctly, but misrotate ( Figure  3B ). In the eye imaginal disc, Dp110 (Figures 4CЈ and 4DЈ ; Jan et al., entiation (this study) is an elegant solution to this challenge during development. 1985). In wild-type third-instar leg imaginal discs, Elav is not detectable in the presumptive CTO ( Figure 4C , We find that the pattern of MAPK activation is unaffected by loss of tsc1. The EGF ligand, Spitz, is secreted arrow). One hour after pupariation, when the disc pouch moves distally and begins to evaginate, only faint Elav by the R8 photoreceptor and diffuses to nearby cells, causing their recruitment and differentiation by activatstaining can be seen in the CTO from wild-type animals ( Figure 4D, arrow) . Significantly, in third-instar larval tsc1 ing the RAS/MAPK pathway. Our data indicate that Spitz production in the R8 photoreceptor is unaffected by loss clones encompassing part of the presumptive CTO, strong Elav staining is seen within the clone approxiof tsc1, as is the transduction of the EGFR signal as far as the activation of MAPK in the recruited photorecepmately 6 hr before the staining would normally be expressed ( Figures 4E and 4EЈ, white arrows) . Overactivattors. In addition, we have examined the expression of regulators of photoreceptor differentiation downstream ing InR signaling by overexpressing Dp110 throughout the leg disc also induces precocious CTO differentiation of MAPK (such as Lozenge, Yan, and Ttk,) and find no proneural factors, speeding neural differentiation, which
